Functional imaging studies have argued that interactions between cortical motor areas and the cerebellum are relevant for motor output and recovery processes after stroke. However, the impact of the underlying structural connections is poorly understood. To investigate this, diffusion-weighted brain imaging was conducted in 26 well-characterized chronic stroke patients (aged 63 ± 1.9 years, 18 males) with supratentorial ischemic lesions and 26 healthy participants. Probabilistic tractography was used to reconstruct reciprocal cortico-cerebellar tracts and to relate their microstructural integrity to residual motor functioning applying linear regression modeling. The main finding was a significant association between corticocerebellar structural connectivity and residual motor function, independent from the level of damage to the cortico-spinal tract. Specifically, white matter integrity of the cerebellar outflow tract, the dentato-thalamo-cortical tract, was positively related to both general motor output and fine motor skills. Additionally, the integrity of the descending cortico-ponto-cerebellar tract contributed to rather fine motor skills. A comparable structure-function relationship was not evident in the controls. The present study provides first tract-related structural data demonstrating a critical importance of distinct cortico-cerebellar connections for motor output after stroke.
Introduction
Ischemic motor stroke leads to widespread and dynamic processes of cerebral reorganization including alterations of neuronal activity and interregional connectivity (Grefkes and Ward 2014) . Thereby numerous studies have particularly addressed cortico-cortical interactions between the primary motor cortices and frontoparietal secondary motor areas. Structural connectivity data have recently further added to the understanding of these cortico-cortical interactions for residual motor output after stroke (Schulz, Braass, et al. 2015; Schulz, Koch, et al. 2015) . Various studies have related measures of white matter integrity of the cortico-spinal tract (CST) to motor recovery, training gains, and motor output (Riley et al. 2011; Schulz et al. 2012; Puig et al. 2013) . Most research has focused on lesion load and white matter integrity of the cortico-spinal pathways originating from the primary motor cortices. More recent work has revealed that also the integrity of cortico-spinal fibers from secondary motor areas, such as the premotor cortex (Schulz et al. 2012 ) and other alternate descending motor pathways, such as the cortico-rubrospinal tracts (Rüber et al. 2012) , might contribute to recovered motor output.
Compared with these interactions at the cortico-cortical and cortico-spinal level, much less is known about the relevance of the cortico-cerebellar network. The cerebellum is densely connected to various motor and nonmotor areas via reciprocal excitatory connections. Cortical brain regions project to the contralateral cerebellar cortex via descending fibers crossing in the pons and running through the middle cerebellar peduncle (Bostan et al. 2013) . The information flow along this corticoponto-cerebellar tract (CPCeT) critically influences cerebellar activity. Its disruption, for instance by a stroke (Kim et al. 2005) , can suppress neuronal activity (Gold and Lauritzen 2002) and might cause cerebellar hypometabolism (Pantano et al. 1986 ), hypoperfusion , and atrophy (Fan et al. 2013) contralateral to the affected hemisphere. This phenomenon is known as crossed cerebellar diaschisis (Baron et al. 1981) . Aside from descending cortico-cerebellar connectivity, the damaged ascending cerebellar fibers (Förster et al. 2014 ) can lead to retrograde cerebellar changes in neuronal activity, metabolism, and structure as well. The majority of these cerebello-cortical fibers constitute the dentato-thalamo-cortical tract (DTCT) via the superior cerebellar peduncle and midbrain to contralateral motor and nonmotor areas such as the primary motor cortex and the ventral premotor cortex (Bostan et al. 2013) . Functional and structural connectivity of these brain regions has been shown to influence motor function after stroke (Rehme et al. 2011; Schulz, Koch, et al. 2015) .
Cerebellar activity is involved in various aspects of sensorimotor control (Manto et al. 2012 ) and motor learning (Penhune and Steele 2012) . Relearning lost motor functions after stroke shows-at least to a certain degree-parallels to motor learning in healthy participants (Krakauer 2006) . Hence, cerebellar activity and its functional and structural connectivity are likely to relate to motor recovery and output after supratentorial strokes. Indeed, functional imaging has considerably extended the understanding of changes in cerebellar activity and functional connectivity and their relevance for recovered hand function after stroke. For example, cerebellar activity after stroke has been positively related to motor impairment (Rehme et al. 2012) , training gains (Johansen-Berg et al. 2002) , and spontaneous motor recovery (Small et al. 2002) . Functional connectivity analyses have also contributed to the understanding of the cerebellum as an important node within the distributed motor network for stroke recovery (Wang et al. 2010; Park et al. 2011; Rosso et al. 2013; Varkuti et al. 2013) .
Compared with these functional imaging findings, it remains largely unclear to what extent the structural integrity of the underlying cortico-cerebellar pathways might also be linked to motor outcome after stroke. Few whole-brain analyses have suggested white matter alterations in the cerebellum, the superior and middle cerebellar peduncles, and the pons which are also correlated-at least in part-with recovered motor output after stroke (Schaechter et al. 2009; Wang et al. 2012) . The aim of the present study was to provide tract-related structural connectivity data for specific cortico-cerebellar pathways and their contribution to recovered motor output after stroke. Using diffusion tensor imaging and probabilistic tractography, we aimed to (1) reconstruct the CPCeT and the DTCT, (2) estimate tract-related white matter integrity in a group of chronic stroke patients and healthy controls, and (3) relate the white matter integrity to residual motor output of the paretic hand. We hypothesized that the structural integrity of cortico-cerebellar connections might contribute to residual motor output after stroke independent from the established involvement of the CST.
Participants and Methods

Subjects
Twenty-six patients (aged 63 ± 1.9 years, range 46-79; 18 males; one left-handed) with first-ever supratentorial ischemic strokes (13 in the dominant hemisphere) in the chronic stage of recovery were recruited. A subgroup of these patients (n = 22) has been already included in a previous study on parieto-frontal structural connectivity (Schulz, Koch, et al. 2015) . Patients were functionally evaluated by means of grip force, pinch force, and the Fugl-Meyer assessment of the upper extremity whose test values of the affected hand were combined to one composite motor output score (MO AH ) by principal component analysis (Schulz, Koch, et al. 2015) . For the unaffected hand, the MO estimation was conducted based on grip and pinch force values (MO UH ). In addition to this score of rather general motor output, the Nine-hole-pegtest was also conducted for both hands as a measure of rather fine motor skills (in pegs/seconds; NHP AH and NHP UH ). Twentysix right-handed healthy participants of comparable age and gender were also recruited (see Supplementary Table 1 for behavioral data). To account for the distribution of lesions to the dominant and nondominant hemispheres in the stroke patients, we randomly assigned 13 of them to be "affected" in their dominant hemispheres. The study was approved by the local ethics committee. All participants gave written informed consent according to the Declaration of Helsinki. Table 1 summarizes the clinical data for both groups.
Brain Imaging
Diffusion-weighted and high-resolution T 1 -weighted anatomical images were acquired using a 3-T Siemens Skyra MRI scanner (Siemens, Erlangen, Germany). For the former, 75 axial slices were obtained covering the whole brain with gradients (b = 1500 mm 2 /s) applied along 64 noncollinear directions with the following sequence parameters: repetition time (TR) = 10 000 ms, echo time (TE) = 82 ms, field of view (FOV) = 256 × 204, slice thickness (ST) = 2 mm, in-plane resolution (IPR) = 2 × 2 mm. For the latter, a three-dimensional magnetization-prepared, rapid acquisition gradient-echo sequence (MPRAGE) was used with the following parameters: TR = 2500 ms, TE = 2.12 ms, FOV = 256 × 208 mm, 256 axial slices, ST = 0.94 mm, and IPR = 0.83 × 0.83 mm.
Preprocessing and Mask Creation
The FSL software package 5.1 (http://www.fmrib.ox.ac.uk/fsl) was used for the analysis of the diffusion-weighted and anatomical images. The details of the image preprocessing are summarized in a previous report (Schulz, Koch, et al. 2015) . Cortical seed masks for the primary motor cortex related to hand function and standardized in size and relation to the cortical gray matter/white matter boundary were also obtained as recently described Schulz, Koch, et al. 2015) . As the mask of the dentate nucleus, the same mask was used from a previous study on dentato-thalamo-cortical connectivity, which was manually drawn in the MNI standard space according to published topographical data . The FSL automated segmentation tool FAST was used to calculate cerebellar gray matter as the target mask for reconstruction of the CPCeT. For further guidance during probabilistic tractography, individual thalamic masks (derived from Freesurfer image analysis suite, http://freesurfer.net/) and common internal capsule and pontine masks (both manually drawn in the MNI standard space) as well as tract-specific exclusion masks were used. Further details are given in Supplementary Material.
Probabilistic Tractography and Estimation of Tract-Related White Matter Integrity
Probabilistic tractography was initially performed to reconstruct the connections between (1) the dentate nucleus and contralateral primary motor cortex via the thalamus (DTCT), (2) the primary motor cortex and the contralateral cerebellar cortex via the pons (CPCeT), and (3) also the CST originating from the primary motor cortex sending 50 000 streamlines per voxel for each reconstruction in the healthy participants ( Fig. 1A and see also Supplementary Fig. 1 ). As indicated in Figure 1B , the binarized group average tracts of 26 healthy subjects, thresholded by 65% of subjects, were used to estimate new seed/target masks below the stroke lesions. These new masks within the ascending and descending cerebellar tracts were used as new seed/target masks to repeat the probabilistic tractography in both the healthy participants and stroke patients (see Supplementary Fig. 3 ). The rational for this approach is to individually reconstruct the specific course of these cortico-cerebellar tracts in all patients and controls independently from supratentorial stroke lesions, which make direct cortico-cerebellar tract reconstructions impossible. Group-and tract-specific connectivity distributions were finally analyzed applying 4 thresholds between 0.01% and 2% of the overall successful streamlines between cerebellar masks and new seed/target masks (Figs 1C, 2, and 3). Tract-related fractional anisotropy (FA) was estimated at the superior cerebellar peduncles for the DTCT (within a cuboid mask extending from z = −20 to −42, y = −32 to −45, MNI space) and at the middle cerebellar peduncles for the CPCeT (within an oblique cuboid mask extending from z = −26 to −49, y = −29 to −53), and averaged across the 4 thresholds in each subject. For the CST, the microstructural integrity was calculated for each threshold and each side at the level from the mesencephalon to the cerebral peduncles (z = −25 to −20) using the binarized controls' averaged tracts (Schulz, Koch, et al. 2015) . Note: Gender (M, male; F, female) and age (in years), dominant (DoHe) and affected (AfHe) hemisphere (L, left; R, right), time after stroke (Tas, in months), stroke location (TC, thalamocapsular; CR, corona radiata; IC, capsula interna; PLIC, posterior limb of the internal capsule; BG, basal ganglia; PG, precentral gyrus; MCA, extended media infarct), MRS, modified Rankin Scale; and NHP, Nine-hole-peg performance (in pegs per seconds; AH, affected hand; UH, unaffected hand). Absolute pinch and grip force values (both in kg) and the UEFM (Fugl-Meyer assessment of the upper extremity) are merged to one composite motor output score (MOAH). MOUH was calculated based on grip and pinch force values of the unaffected hand. For individual data of the control group, please see Supplementary Material. Group comparison includes mean, SEM, and P-values (χ 2 test for gender and unpaired t-tests for all other values). Significant group differences are indicated by asterisks (*P < 0.05; **P < 0.01; ***P < 0.001).
a Excluded from calculation of MO due to missing pinch force values.
b UEFM score of 66 was assumed for controls to allow MOAH estimation across both groups.
Statistics and Image Processing
The data were analyzed using SPSS 22 (IBM Corp.) and R statistical package 3.1.2 (http://www.r-project.org/). Statistical significance was assumed at P-values ≤0.05 and all results are given as mean ± standard error of the mean (SEM). Mixed repeated-measures ANOVA was used for group comparisons of absolute and proportional tract-related FA with Greenhouse-Geisser corrected degrees of freedom for nonsphericity. In line with previous reports, proportional FA values were used as the integrity measure for each tract (Schulz et al. 2012; Schulz, Koch, et al. 2015 ). Student's t-tests were used for post hoc pair-wise comparisons. Based on proportional tract-related FA values, linear regression models were fitted across both groups individually for overall residual motor output (MO AH ) and fine motor skill (NHP AH ) of the affected hand. This was performed to assess stroke-specific relationships between structural cerebellar connectivity and motor output. Importantly, only this approach allowed us to adjust the target effects of the cerebellar tracts to the level of damage to the CST. Age, gender, motor output and fine motor skills of the unaffected hand (MO UH or NHP UH , respectively), and whether or not the dominant hemisphere was affected were included as control variables for further adjustment of the target effects. For model selection, insignificant Tract × Group interactions were removed from the model stepwise. Interactions with a trend for significance were kept in the model when there was significant model worsening after exclusion. Insignificant main effects were then evaluated in the same way. The group-specific influences of the unaffected hand were similarly tested for significant contribution to the models. FSLview 4.0.1 ( part of FSL software package 5.1) and MRIcroGL (www.mricro.com) were used for tract and lesion illustrations.
Results
Behavioral Results
Stroke patients showed significantly reduced grip force (P < 0.001), pinch force (P = 0.027), and NHP AH performance values (P = 0.007, all two-tailed paired t-tests) of the affected hand compared with the unaffected hand. The controls did not show hand differences for these measures (see Supplementary Table 1) .
Comparisons between the groups revealed significantly lower grip force (P = 0.030), NHP AH (P < 0.001), and MO AH values (P = 0.018) of the affected hand of the stroke patients compared with the controls. Absolute pinch force values of both hands did not differ between the groups (Table 1) .
Probabilistic Tractography of Cortico-Cerebellar Pathways
The entire extent of the DTCT and CPCeT was successfully reconstructed in the healthy controls with a good spatial reproducibility across the group (Fig. 1A and see Supplementary Fig. 2 for topography of all tracts). In line with previous reports , the probable trajectories of the DTCT leave the cerebellum ascending through the ipsilateral superior cerebellar peduncle and cross diagonally in the mesencephalon (z = −17 in MNI). After passing the red nucleus, the trajectories enter the cerebrum through the ventrolateral thalamus finally targeting the hand knob area of the primary motor cortex. In the other direction, fibers constituting the CPCeT descend from the same site towards the posterior limb of the internal capsule where they start to show increased spatial distribution. Within the mesencephalon, fibers descend obliquely crossing the midsagittal plane over a broad range of levels (z = −25 to −35 in MNI). As clearly illustrated in Supplementary Figure 2 , the CPCeT entwines the cortico-spinal descending pathways and finally enters the cerebellar white matter via the middle cerebellar peduncle targeting various gray matter regions. Based on new seed/target masks below the stroke lesions ( Fig. 1B and see Supplementary Fig. 3 ), these reconstructions were successfully repeated for the lower parts of the DTCT and CPCeT in both of the stroke patients and healthy controls. Figures 1C and 2 illustrate the fiber reconstruction for the stroke patients with comparable three-dimensional courses for both tracts compared with the controls (see also Fig. 3 ). The entire tracts of the controls derived from the initial reconstruction and the final tracts derived from the reconstruction of the lower parts were comparable on visual inspection, suggesting valid reconstruction based on the new seed/target masks ( Supplementary Fig. 5 ). The CST originating just below the stroke lesions were calculated for a second tractography step to reconstruct the lower part of the tracts of interest in both groups. Stroke lesions were manually drawn in the MNI standard space, and the color bar represents the number of subjects in which the voxels lay within a stroke lesion (an illustration on axial slices is given in Supplementary Fig. 4 ). Target masks for lower DTCT reconstruction ranging from z = −7 to −9 and seed masks for the lower CPCeT reconstruction ranging from z = −10 to −12. (C) Probable connections between the dentate nucleus and contralateral new "half-way" target masks (red/dark blue) and seed masks and contralateral cerebellar cortex (orange/light blue). Binarized group average tracts of 26 stroke patients, thresholded by 50% of subjects (n = 13). Individual tractography was done with 50 000 streamlines per voxel and thresholded by 0.5% of successful streamlines. Notably, individual subject-specific tracts of interest were used to calculate tract-related fractional anisotropy. The present group averages (A and C) were used for quality check and illustration purposes.
from the primary motor cortex was successfully reconstructed in the controls: Descending from the primary motor cortex to the posterior limb of the internal capsule, it reaches the brainstem through the cerebral peduncle and proceeds further down to the ipsilateral ventral medulla oblongata ( Supplementary Fig. 2 ).
Tract-Related White Matter Integrity of Cortico-Cerebellar Connections After Stroke
Based on a significant interaction Tract × Hemisphere × Group in the mixed repeated-measures ANOVA for the absolute FA values (F 1.7,84.6 = 4.6, P = 0.017), we performed individual pair-wise comparisons. For within-subject analysis, the microstructural integrity of the affected pathway in the stroke patients was found significantly reduced compared with the unaffected side both for the CST (P < 0.001) and DTCT (P = 0.004, two-tailed paired t-tests). Controls did not show significant side differences for CST or DTCT. In parallel, the between-subject analysis revealed significantly lower absolute FA values of the affected hemisphere for the CST (P < 0.001) and DTCT (P < 0.001, two-tailed, unpaired t-test) in the stroke patients compared with the controls. The analysis of the proportional FA values (Tract × Group: F 1.7,86.0 = 4.6, in the MNI space, superimposed on the subject-specific FA map. Contralesional tracts are shown in red-yellow, and ipsilesional tracts in blue-light blue. Individual tractography was conducted applying 50 000 streamlines per voxel, and output distributions are thresholded by 0.1-2.0% of successful streamlines. P = 0.017) showed a significant reduction of white matter integrity in the stroke patients for the CST (P < 0.001) and DTCT (P = 0.002). The analysis of the absolute and proportional CPCeT integrity revealed similar FA values comparing hemispheres or groups (Table 2) .
Tract-Related White Matter Integrity and Residual Motor Output
For general motor output (MO AH ), linear regression modeling revealed a stroke-specific positive contribution of the microstructural integrity of the DTCT as assessed by its tract-related proportional FA value (P < 0.001). This influence was not detected in the controls. Also, the CST was positively related to MO AH in the stroke patients (P < 0.001), but not in the controls. The motor output score of the unaffected hand was similarly associated with MO AH . The CPCeT did not contribute to MO AH , neither in stroke patients nor in controls (Table 3 and Fig. 4 ). Fine motor output as assessed by means of NHP performance (NHP AH ) also revealed a stroke-specific positive influence of the structural integrity of the DTCT (P < 0.001). Additionally, the CPCeT was found to contribute to NHP AH in the stroke patients (P < 0.001). In contrast, a similar structure-function relationship was not present in the healthy controls. Although CST showed a significant interaction with the group, the stroke-specific influence did not reach statistical significance (P = 0.06), indicating at least a differential contribution of the CST in both groups. (Table 3 and Fig. 4) 
Discussion
The main finding of the present study was a significant association between cortico-cerebellar structural connectivity and residual motor output in the chronic stage of recovery from a stroke, independent from the level of damage to the CST. More specifically, white matter integrity of the cerebellar outflow tract, the DTCT, was positively related to both residual general motor output and fine motor skills. Additionally, the integrity Figure 3 . Group averaged trajectory map for cortico-cerebellar connections for stroke patients and controls. Probable courses of cortico-cerebellar connections below the level of cerebral peduncles are superimposed on a MNI T1 template for stroke patients and controls with given z-values. Overlay of binarized group average tracts, thresholded by 65% of subjects (n = 17). Individual tractography was conducted applying 50 000 streamlines per voxel and thresholded by 0.1-2.0% of successful streamlines. Note that individual subject-specific tracts were used to calculate tract-related FA; group average was plotted for illustration and quality check. Tract-related group-specific mean absolute and proportional (ratio) FA values ± SEM. Two-tailed post hoc t-tests were used for within-( paired) and between-group (unpaired) comparisons. Significant differences are indicated by asterisks (**P < 0.01; ***P < 0.001). Of note, the proportional FA values were used in the linear regression modeling.
AT, affected tract; UT, unaffected tract.
of the descending CPCeT contributed to rather fine motor skills.
A comparable structure-function relationship was not evident in the healthy controls.
Probabilistic Tractography and White Matter Integrity of Cortico-Cerebellar Pathways After Stroke
The present reconstruction of the DTCT is well in line with a number of imaging studies on ascending cerebello-cortical connections in the healthy human brain (Habas and Cabanis 2007; Kwon et al. 2011; . In the present study, we have additionally included the CPCeT from the hand representation of the primary motor cortex to the contralateral cerebellar cortex via the pons, because functional and structural imaging studies have already suggested its involvement in processes of brain plasticity after stroke (Mintzopoulos et al. 2009; Wang et al. 2012 ). Its spatial course was found to be consistent with previous structural imaging studies in healthy humans (Wakana et al. 2004; Salmi et al. 2010) . Absolute tract-related FA values in the present healthy participants were comparable with previous studies, analyzing local FA of the superior (Prakash et al. 2009; Roberts et al. 2013) or middle cerebellar peduncles (Kitamura et al. 2008; Liang et al. 2009 ). Stroke patients showed a significant FA decrease for the DTCT connecting the contralesional dentate nucleus with the ipsilesional motor cortex. This might indicate a retrograde degeneration of axons running through the stroke lesions matching similar findings after thalamotomy (Buijink et al. 2014) . Our structural connectivity data confirm a small study in 5 chronic stroke patients reporting a decreased motor-related neuronal coupling between the cerebellum and the primary motor cortex compared with controls (Mintzopoulos et al. 2009 ). In comparison with the DTCT, the FA of the CPCeT was not different between patients and controls. Kim et al. (2005) have found lowered FA in the contralesional middle cerebellar peduncle only in patients with more than one-third of the cerebral hemisphere affected. Similarly, studies in severely affected chronic stroke patients have also reported FA reductions in the ipsilesional pons along the ponto-cerebellar pathways, whereas well-recovered patients were found to show even higher FA values at the ipsilesional middle cerebellar peduncle probably reflecting plastic processes (Schaechter et al. 2009 ). For pontine strokes, Liang et al. (2009) have not only reported a gradual decrease of FA at both middle cerebellar peduncles over 3 months, but also related it to the amount of recovery. Hence, both the absence of pontine lesions and the rather mild neurological deficits with mostly circumscribed supratentorial lesions are likely to explain our result of absent CPCeT alterations in stroke patients.
Integrity of Cortico-Cerebellar Pathways and Residual Motor Output After Stroke
Consistent functional imaging data support the view that cerebellar activity and functional connectivity significantly contribute to recovered motor output after stroke. For instance, Johansen-Berg et al. (2002) have demonstrated a positive correlation between increases in brain activity, not only in premotor and somatosensory cortices but also in the cerebellum, and training gains. Other studies (Small et al. 2002; Loubinoux et al. 2003 ) and meta-analyses (Rehme et al. 2012) have similarly found positive associations between increased contralesional cerebellar activity and residual motor output. A number of resting-state connectivity analyses have contributed to the understanding of corticocerebellar interactions after stroke. For example, a longitudinal study revealed a persistent increase in functional connectivity between the ipsilesional primary motor cortex and the cerebellum throughout the first 6 months after stroke. However, the amount of cortico-cerebellar coupling at onset was not correlated with improvement over time (Park et al. 2011) . Another group has related an increased connectivity between the primary motor cortices and the cerebellum to better motor improvement during a 12-week training period (Varkuti et al. 2013) . A recent study by Wang et al. (2010) has provided further evidence for a gradual increase of cerebello-premotor coupling in the course of recovery after stroke. These changes were correlated with functional improvement. Inversely, a recent task-related functional connectivity analysis has shown a reduced coupling between the ipsilesional primary motor cortex and the contralesional cerebellum both in the acute and chronic stage after stroke, which also positively related to the grip strength even when removing the contribution of the damage to the CST (Rosso et al. 2013) . Significant predictors are indicated by asterisks (*P < 0.05; **P < 0.01; ***P < 0.001).
Adjustment variable sex is referenced to "female," and DOM to "affection of the nondominant hemisphere" Group to "Controls. Compared with this rather clear picture derived from functional imaging data, which suggests stroke-related increases in cortico-cerebellar connectivity, it remains uncertain to what extent the structural integrity of the underlying cortico-cerebellar pathways might also be associated with the motor outcome after stroke. In fact, the present work shows that the white matter integrity of the DTCT positively relates to both residual general motor output and fine motor skills. Additionally, fine motor skills were positively associated with the integrity of the CPCeT. A previous whole-brain analysis has already suggested a potential association between FA values in regions which are likely to correspond to the present reconstructions of the CPCeT and DTCT (Wang et al. 2012) . However, only the combined modeling in the present study could show evidence for the independency of the structurefunction relationships between the cortico-cerebellar pathways and the status of the CST. In conclusion, not only functional cortico-cerebellar interactions are relevant for motor output after stroke, but also the integrity of the underlying structural connections.
Going one step further, how could one link the present structure-function relationships to the basic concept of corticocerebellar interactions? Cortico-cerebellar interactions have been studied in healthy participants and stroke patients by means of transcranial magnetic stimulation. The existence of a facilitating tonic impact of the cerebellum on contralateral motor cortices was already suggested by Di Lazzaro et al. (1994) . Later studies have shown that cerebellar stimulation was capable to influence both inhibitory and excitatory circuits in the motor cortex (Daskalakis et al. 2004; Koch et al. 2008) . For instance, low-frequency cerebellar stimulation, presumably to inhibitory Purkinje cells, has enhanced the activation of primary motor cortical excitatory circuits with consecutive excitability increases (Oliveri et al. 2005; Fierro et al. 2007 ). Excitability gains have also resulted from paired-associative stimulation over the cerebellum and the motor cortex (Lu et al. 2012 ). Accordingly, cerebellar stroke patients showed reduced motor cortical excitability (Liepert et al. 2004 ). Further insights have been provided by the concept of stimulation-related cerebellar brain inhibition (Ugawa et al. 1995) , a phenomenon of reduced motor cortical excitability induced by transcranial magnetic stimulation of Purkinje cells in the contralateral cerebellar cortex which in turn inhibit the deep cerebellar nuclei and thereby the cerebellar output (Daskalakis et al. 2004) . Notably, a reduction of this efferent cerebellar inhibition was found to be proportional to the degree of locomotor adaptive learning (Jayaram et al. 2011) . Hence, on a speculative basis and built on these considerations and the concept of crossed cerebellar diaschisis, the stroke-specific decrease in ascending cerebello-cortical structural connectivity might be related to a disfacilitation of cortico-cortical motor connections. This might, in turn, lead to a reduced plasticity of the cortical motor network and hence impede better outcome after stroke. Indeed, animal studies have already suggested a significant improvement in motor output (MacHado et al. 2013 ) and perilesional cortical plasticity (Cooperrider et al. 2014 ) by activating high-frequency stimulation of the dentate nucleus. Further research is needed to evaluate to what extent measures of functional and structural cortico-cerebellar connectivity are related to motor cortical excitability and cortico-cortical interactions and moreover, to what extent the cortico-cerebellar network might serve as a target for interventional strategies based on neuromodulation.
Limitations
Some limitations of our study have to be mentioned. First, we used probabilistic tractography to reconstruct the individual Figure 4 . Estimated linear effects of tract-related white matter integrity on MO AH and NHP AH . Mean estimated effects for tracts showing a relevant contribution to the models (±95% confidence intervals) are plotted for MO AH in A and NPH AH in B for the microstructural integrity of the DTCT, CPCeT, and CST in orange for strokes and gray for controls; the actually measured integrities for both groups are indicated by the rug plots at the x-axis. Significant stroke-specific structure-function associations are indicated by asterisks (***P < 0.001). The CST-NPH AH plot is shown given its significant group interaction.
courses of the DTCT and CPCeT as well as CST. Hence, the reconstructed tracts remain probabilistic regarding their genuine anatomical courses. Additionally, albeit we targeted the primary motor cortex for reconstruction of the DTCT, the dentato-cortical fibers to other brain regions can hardly be distinguished by probabilistic tractography at the level of the superior cerebellar peduncle . Animal studies have shown that the majority of fibers leaving the cerebellum via this peduncle terminate in the contralateral cortex via the thalamus (Hassler 1950; Asanuma et al. 1983a Asanuma et al. , 1983b . However, the possibility of included cerebello-rubral, cerebello-olivary, and ventral spino-cerebellar fibers cannot be excluded and thus might confound our results. Also for the CPCeT, it is uncertain if we have measured exclusively fibers descending from the contralateral motor cortex. On one hand, animal studies have revealed a certain degree of cortico-cerebellar fibers not crossing in the pons (Brodal 1979) . On the other, it remains unclear to what degree fibers from other brain regions might also enter the middle cerebellar peduncles due to complex pontine interconnections and hence, might bias the present analyses. Second, "half-way" seed masks were estimated from corresponding group average tracts from controls to avoid tracking through lesions in the stroke patients. Despite good spatial consistency across the entire and "half-way" trajectories in the controls, the reconstructed tracts in both groups might differ to the individual brain anatomy. Third, tract-related FA values were estimated from the middle and superior cerebellar peduncles, in this way tract segments with a rather low proportion of crossing fibers. Although we are convinced that this approach provides a reliable way to overcome the problem of crossing fibers, we cannot exclude that it might differ from other, alternative locations to read out tract-related FA values. Ultimately, the cross-sectional character of our study leaves an uncertainty whether only the degree of degeneration of the DTCT and CPCeT or, additionally, its dynamic change over time might relate to motor recovery and residual functioning after stroke. A longitudinal study is needed to answer this interesting question.
Conclusion and Future Perspective
In conclusion, we found a strong association between the microstructural integrity of the DTCT and the CPCeT and motor output in chronic stroke patients. Providing first tract-related structural connectivity data for the cortico-cerebellar network after supratentorial stroke, we show that the concept of cortico-cerebellar interdependencies and their relation to residual motor output does not only hold true for functional couplings, but also for the underlying structural network characteristics. The contribution of the DTCT-on a speculative note-might be built on a suggested link between its residual capabilities to transmit a facilitating cerebello-cortical tonus for motor cortex excitability, likely necessary for plastic and adaptive cortical processes during recovery. Future longitudinal and multimodal studies are needed to determine (1) how cortico-cerebellar structural connectivity and functional coupling and cortical excitability are interrelated, (2) how these measures depend on other neuronal circuits, and finally (3) how they might help to predict recovery after stroke.
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